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ABSTRACT 
Ultra high-performance concrete (UHPC) is an advanced cementitious material which has excellent 
mechanical and durability properties, making it appropriate for the rehabilitation of concrete structures. 
This paper investigates the usage of a thin layer of UHPC overlaying a normal strength concrete (NC) deck. 
The behavior of the interface connection will have a significant impact on the overall structural and 
durability performance of the UHPC-NC composite deck system. An integrated experimental and analytical 
study was conducted to understand the influence of several variables, such as normal concrete strength, 
interface roughness, and curing condition on the shear transfer behavior across the interface between UHPC 
and NC. The laboratory testing was performed in two phases, including slant shear testing in Phase-I and 
flexural testing of composite deck specimens in Phase-II. A total of sixty test units with five different 
surface textures and three different concrete strengths were loaded to failure in Phase-I. Four 197 mm (7.75 
in.) thick, 0.61 m (2 ft) wide, and 2.74 m (9 ft) long deck specimens with 38 mm (1.5 in.) thick UHPC 
overlay and different interface texture were tested to failure in Phase-II. The slant shear test results 
demonstrated that the shear transfer across the interface is adequate for overlay applications for all textures 
2 
 
with roughness equal or more than 3 mm (0.12 in.) regardless of concrete strength, which was later 
confirmed by the composite deck specimen tests. The interface bond strength was not affected by curing 
conditions (heat treatment or ambient) used for UHPC. The current AASHTO guidelines provide a 
conservative estimate for the UHPC-NC interface shear strength. 
INTRODUCTION 
According to the national bridge inventory, the average age of bridges in the United States is 43 years. A 
large percentage of the bridges in the United States will be reaching their intended design service life of 50 
years in the coming decade. Also, more than 9.6% of bridges in the United States are listed as structurally 
deficient, while over 13% are rated as functionally obsolete (FHWA, 2015). Bridge decks are particularly 
vulnerable to a wide selection of damages resulting from freeze-thaw cycles, exposure to deicing salts, and 
deterioration as a result of dynamic loads from vehicular traffic and plow trucks. Ultra-high performance 
concrete (UHPC) is a self-leveling, high-strength concrete material with excellent durability properties 
(Graybeal 2006) and possesses excellent post-crack tensile strength (Sritharan et al. 2003) when compared 
to normal strength concrete (NC) used in today’s bridge construction. This unique combination of properties 
makes UHPC an ideal material for minimizing deck cracking and associated bridge deterioration. 
UHPC has gained significant momentum in its use in bridge applications among several departments of 
transportation (DOTs) and the Federal Highway Administration (FHWA). However, the initial capital cost 
of a UHPC material is significantly higher than the traditional NC, limiting the broader use of UHPC in 
large quantities. To produce cost effective UHPC solutions, this paper investigates the use of a thin layer 
of UHPC as a protective layer over NC. Specifically, the investigation focuses on using the UHPC as an 
overlay to protect the NC bridge decks. In doing so, it is anticipated that the deck deterioration that occurs 
due to the formation of cracks on the top surface followed by penetration of deicing chemicals can be 
prevented. This will help in reducing the deck maintenance costs and increasing their longevity. 
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To facilitate the application of UHPC overlay on both the new and existing bridge decks and minimize the 
construction costs, no mechanical connection between the UHPC and NC was considered appropriate. 
Therefore, the bonding between UHPC and NC needed to be established through adequate surface 
roughness between the two concretes to provide resistance through shear friction mechanism. The essential 
characteristic of the interface bond is that it offers enough strength to resist the stress attributable to 
mechanical loading, differential shrinkage and/or thermal effects, while maintaining an extended service-
life performance. The shear friction characteristics of the UHPC and NC interface and the factors 
influencing its behavior are largely unknown and need investigation in order to make this UHPC-NC deck 
concept a viable solution for bridges.  In consideration of the required knowledge in this topic area, this 
paper describes a systematic experimental investigation of the performance of the bonding behavior 
between variable surface textured normal strength concrete substrates and UHPC under different stress and 
curing conditions. 
PREVIOUS UHPC-NC INTERFACE STUDIES 
Limited studies on the UHPC-normal concrete interface behavior have been reported in the literature. 
Sarkar (2010) performed an experimental study to evaluate the bond strength between UHPC and NC using 
a slant shear test setup. In this effort, 75 mm x 150 mm (3 in. x 6 in.) composite cylinder specimens with 
three different surface textures classified as smooth, low and high roughness were tested. The measured 
average macro texture depths for low roughness and high roughness were 2.5 mm (0.1 in.) and 5 mm (0.2 
in.) respectively. UHPC was cast over the normal concrete substrate to create the composite specimens. 
The specimens with smooth interface texture failed along the interface. For the specimens with any kind of 
surface preparation, they found that the failure propagated into the substrate, with the normal concrete 
portion of the sample failing under compression. The measured interface shear capacities for these three 
interfaces were 11 MPa (1.6 ksi), 14.2 MPa (2.06 ksi) and 17.3 MPa (2.51 ksi) respectively. An 
experimental study was also conducted by Crane (2010) to quantify the shear resistance of a UHPC and 
high-performance concrete (HPC) interface using push-off tests on specimens made from HPC cast against 
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UHPC. Three surface preparations including 6.4 mm (0.25 in.) deep fluted texture, mildly roughened 
interface created by casting the specimen against burlap and a smooth texture were investigated. The 
authors did not report measured texture depths for smooth and mildly rough interface. The UHPC-HPC 
specimens with no interface shear reinforcement experienced sudden interface sliding failures, with failure 
occurring in HPC. The measured average interface shear capacities for smooth, mildly roughened and fluted 
interfaces were found to be 1.1 MPa (160 psi), 2.56 MPa (372 psi) and 3.72 MPa (540 psi), respectively. 
The interface bond characteristics of UHPC and normal strength concrete was also investigated by 
Carbonell Muñoz et al. (2014) using slant shear testing of prismatic composite specimens comprised of 
UHPC and normal strength concrete mixes. The main objective of these tests was to study the interface 
strength at eight days at four different degrees of roughness in the concrete substrate and two different 
interface angles (60° and 70°). The different surface textures included brushed, sandblasted, grooved, and 
roughened (exposed aggregate). The measured macro texture depth reported for brushed and sandblasted 
specimens were 0.76 mm (0.03 in) and 2.28 mm (0.09 in.), respectively. The composite specimens were 
cast by pouring UHPC on top of the moist cured, saturated, normal strength concrete blocks with slanted 
interface with predefined surface preparations. All specimens at the age of eight days with an interface 
angle of 60° failed in the concrete substrate, whereas the specimens with an interface angle of 70° 
experienced sliding failures. The UHPC to normal concrete bond strength for all surface preparations at 8 
days exceeded the minimum bond requirements specified by ACI 546.3R-06 (2006). The most of the 
specimens tested in the some of the studies reported above are very small and might have impacted the 
results. These studies didn’t fully address the impact of design parameters such as sequence of casting and 
concrete strength on interface behavior. Also, none of the studies investigated the failure behavior of large-
scale UHPC-NC composite specimens. 
EXPERIMENTAL PROGRAM 
The performance of an overlay material to a large degree is dependent on how well the overlay material 
bonds to the concrete substrate and how much shear can be resisted at the interface. To systematically 
5 
 
investigate the UHPC-NC interface bonding behavior applicable to bridge decks, an experimental program 
was performed in two phases. In Phase-I, five different types of surface textures representing low roughness 
(< 1.5 mm (0.06 in.)), medium roughness (3 mm (0.12 in.)), and high roughness (> 5 mm (0.2 in.)) were 
prepared to evaluate the influence of surface texture on shear resistance and the corresponding bond 
strength. Slant shear tests were conducted to evaluate the bond strength under combined compression and 
shear loading. In Phase-II, three-point bending tests on large-scale UHPC-NC composite slabs with 
different interface textures, replicating bridge decks were performed, which investigated the UHPC-NC 
interface behavior and performance of the composite slabs under a simulated wheel load. 
Phase-I: Slant Shear Tests 
A total of 60 slant shear test specimens were used to investigate the direct shear transfer across the interface 
of concrete with different strengths and UHPC. They were cast at different times under different conditions. 
The test variables included the compressive strength of normal concrete, the shear interface surface texture, 
the curing condition, and the pouring sequence. Any mechanical connections such as shear studs or interface 
shear reinforcement across the UHPC and NC interface were not included as it would significantly increase 
the cost this technology during field implementation. 
Specimen Details and Construction 
Based on observations from previous experimental studies involving UHPC-NC tests and the slant shear 
test concept, all interface tests were completed using prismatic members. Each UHPC- NC composite 
specimen was 114 mm by 152.4 mm (4.5 in. × 6 in.) in cross-section and 610 mm (24 in.) long and consisted 
of an inclined joint with different interface textures at the mid-height of the specimen. A test matrix 
consisting of five different textures and three concrete strengths was used to examine the feasibility and the 
effects of different interface textures, concrete strengths, casting sequences, and curing conditions (fully 
cured vs. partially cured vs. wet conditions) on the shear resistance across the UHPC-NC interface. Based 
on preliminary calculations and previous research, an inclination angle of 53.1° to the horizontal axis was 
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chosen to ensure that sliding along the interface would be the primary failure mode (Zilch and Reinecke 
2000). 
The interface surfaces were prepared using five different form liners of varying roughness as shown in Fig. 
1, to ensure consistent interface roughness between the samples.  The roughness of different form liner 
patterns was chosen to replicate the different surface conditions expected during field applications. The 
degree of roughness in each case was established based on the macro texture depth, which varied from 1.26 
mm (0.05 in.) to 6.5 mm (0.25 in.) for the textures used in this study. The depth of shallow textures (i.e., 
TR5 and TR6) was measured on three specimens for each texture using the standard sand patch test, ASTM 
E965-96, (ASTM 2006) and using a caliper for deeper textures (i.e., TR1, TR2 and TR3). The measured 
textured depths and form liner details for different surfaces are presented in Table 1. 
The UHPC-NC specimens were cast vertically using concrete mix and standard flexural beam molds with 
appropriate texture, as shown in Fig. 2. Except for test specimens where heat treated UHPC was used, 
normal concrete of different strengths was poured vertically into the forms with the form liner at the bottom 
and a standard vibrator was used to make sure the concrete was compacted well to create a good textured 
surface. The molds were removed after 7 to 10 days and the samples were air-cured for at least 28 days, 
after which the normal strength concrete half-specimens were placed back into plywood molds with the 
slant side facing up to pour UHPC. Two triangular Styrofoam pieces were placed on the top and the bottom 
of the interface to reduce the length of interface and cause a sliding failure during testing.  The specimens 
utilizing heat-treated UHPC were created following the same procedure, except that the UHPC was poured 
first at the precast plant and then subjected to the standard heat treatment process recommended by 
LafargeHolcim®. A normal concrete mix with a 34 MPa (5 ksi) specified compressive strength was then 
poured on top of the UHPC half-specimen having the appropriate texture. The final UHPC-NC composite 
units were cured under ambient conditions until the day of testing. More details about the specimen 
fabrication, casting and construction can be found in Aaleti and Sritharan (2017). 
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The slant shear specimens were named according to the surface preparation of the interface, normal concrete 
strength, and the UHPC casting sequence.  Therefore, a typical name for a slant shear unit made with wet 
UHPC poured on a cured normal concrete half-section was given as [normal concrete mix] - [texture 
designation] - [specimen number]. For example, NC5-TR1-01 represents slant shear specimen-1, made with 
34 MPa (5 ksi) normal strength concrete, TR1 texture, and wet UHPC. For all the samples for which the 
normal concrete was poured over a heat-treated UHPC half-section with texture, a prefix “HT” was added 
to the specimen name to represent the pouring sequence (e.g., HT-NC5-TR6-01). 
Materials 
The concrete mixes used in specimen construction were sourced from local ready mix concrete suppliers 
and precast producers. The NC5 concrete specimens were constructed using a standard Iowa DOT bridge 
deck mix ordered from a local ready mix plant. The higher strength specimens were fabricated using the 
standard mix designs at the Coreslab Structures precast plant in Omaha, Nebraska. All the normal concrete 
mixtures contained Portland cement, water, coarse aggregates, fine aggregates, and high-range water 
reducer. Standard 150 mm (6 in.) cylinders were used to determine the concrete compressive strengths at 
28 days and at the time of slant shear tests. The measured concrete strengths of the all mixes used for slant 
shear tests is presented in Table 2. UHPC manufactured and supplied by Lafarge® North America with 2% 
steel fibers was used for casting the test specimens. The UHPC represented by brand name Ductal® 
JS1000® was mixed using the overhead batch plant mixer at the Coreslab Structures precast plant in 
Omaha, Nebraska. The measured UHPC material strengths were about 103 MPa (15 ksi) at 14 days and 
144.8 MPa (21 ksi) at the time of testing. 
Test Setup and Observations 
The UHPC-NC specimens were subjected to uniaxial compression load using a universal testing machine 
(see Fig. 3a) following ASTM C882 standard test method (ASTM 2012). This subjected the interface to 
combined normal and shear stresses. The as-built inclination, length and thickness of the interface for all 
the specimen were measured before testing using an electronic level and a caliper, respectively. Several 
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instruments, including displacement transducers and rotation meters, were attached to the test specimens in 
the interface region to capture the interface performance and to closely monitor the movement along the 
inclined shear interface. A total of four linear variable differential transducers (LVDTs) were placed along 
the length of the interface to capture the slip at this location. Two rotation meters were also attached, one 
on each half of the specimen, to monitor any rotation induced by possible eccentricity of loading. The data 
from all instruments were acquired using standard data acquisition system at 1 Hz. During the first series 
of tests on the NC5-TR specimens, it was observed that specimens with deeper textures failed prematurely 
due to the formation of splitting cracks in the normal concrete before the interface experienced any 
significant sliding.  These cracks initiated at the ends of the interface and propagated into the normal 
concrete (see Fig. 3b), indicating the shear resistance of the interface was greater than that required to cause 
splitting failure in NC. In order to prevent this failure mode and to force the failure at the interface, samples 
with deeper textures at the interface were strengthened with fiber-reinforced polymer (FRP) wrap as shown 
in Fig. 3(c) to confine the normal concrete and delay the development of splitting cracks. 
All sixty specimens were tested to failure, defined by significant slip at the interface or by splitting of the 
NC. Generally, majority of the specimens failed by experiencing sliding along the interface. However, in a 
few specimens with deeper textures at the interface, even after the FRP retrofit, the splitting of the NC took 
place prior to the sliding interface failure. In specimens that failed under the sliding failure mode, the failure 
surface was located within the interface of the normal concrete and the UHPC or in the normal concrete 
adjacent to the interface boundary (see Fig. 3d). The normal concrete between the UHPC ridges along the 
interface failed under combined shear and compression stresses, leading to the sliding failure along the 
interface. In the specimens with deeper textures that failed under sliding, normal concrete was left between 
the ridges formed within UHPC, as shown in Fig. 3(d). This indicates that the interface behavior is 
exclusively dictated by the strength of the normal concrete and it can be predicted based on the normal 
concrete shear strength at the interface. For the specimens where the failure occurred in the normal concrete 
substrate rather than at the interface, indications are that the shear resistance at the interfaces is greater than 
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the strength of the substrate concrete. The failure mode of each tested sample was visually examined and 
classified as a sliding failure or a concrete substrate compression failure. 
Results and Discussion of Phase-I 
The interface shear strength was calculated by dividing the maximum load along the inclined plane by the 
contact area at the interface. This method gives the exact interface shear strength for specimens that failed 
in a sliding failure mode and indicates the minimum interface shear strength for those specimens that failed 
in the substrate concrete when experiencing compression failure. The normal stress applied to the interface 
was also calculated by dividing the normal component of the applied load by the interface contact area. The 
calculated interface shear stress values for all slant shear specimens with different concrete strengths and 
interface textures, along with the observed failure types, are presented in Table 3. The interface shear 
strength generally increased with the increase in the texture roughness and concrete strength. The casting 
sequence, however, did not significantly influence the bond strength. The measured interface shear strength 
values were compared with the recommended range of 14 MPa (2.03 ksi) to 21 MPa (3.04 ksi) at 28 days, 
as suggested in the guide for the selection of materials for the repair of concrete to ensure sufficient bonding 
between old and new concretes (ACI 2006). It is clear that the average interface shear strength was within 
the acceptable limits for textures with depths equal to 3 mm (0.118 in.) or more for all concrete strengths. 
However, the average bond strength values for TR5 and TR6 textures, having an average macro texture 
depth less than 1.6 mm (0.06) are below the recommended values when a 34 MPa (5 ksi) normal strength 
concrete mix was used. Because most bridge decks are constructed using 27 to 34 MPa (4 to 5 ksi) concrete 
mix, it would be prudent to use a texture depth of more than 1.6 mm (0.06 in.) to create a good interfacial 
bond between a UHPC overlay and normal concrete. 
The variation of the measured interface shear strength normalized using measured normal concrete strength 
for different textures is plotted in Fig. 4(a). It can be seen from the Fig. 4(a) that the interface shear strength 
increases with increase in concrete strength for a given texture depth. The equations for trend lines in Fig. 
4(a) also supports that the adhesion between NC and UHPC increases with increased concrete strength and 
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texture depth. Also, it supports that the interface shear strength can be represented by a simple function of 
normal forces and adhesion between materials as noted by shear friction theory as adopted in AASHTO 
LRFD Bridge Design Specifications (AASHTO 2010). 
The minimum value of the cohesion factor for TR3 texture with a texture depth of 6.5 mm (0.256 in.) is 
2.72 MPa (0.395 ksi), which is higher than the required AASHTO (2010) minimum value of 1.65 MPa 
(0.24 ksi). For other textures with texture depths of less than 6.5 mm (0.25 in.), the lowest value of cohesion 
is 0.43 MPa (0.063 ksi), which is slightly less than the AASHTO-specified value of 0.51 MPa (0.075 ksi). 
However, the average cohesion value for these textures is around 1.8 MPa (0.26 ksi), which is much higher 
than the AASHTO recommended value of 0.51 MPa (0.075 ksi). The coefficient of friction value varied 
between 1.104 and 1.197, depending on the texture depth. The low coefficient of friction value for deeper 
textures can be attributed to the fact that most of these specimens failed in compression mode rather than 
shear sliding mode. These values thus could be used to set lower boundaries for design purposes. The 
average value for the friction factor for the shallow textures with a depth up to 3 mm (i.e., textures TR5, 
TR6, and TR2) is 1.2, which is two times the value of 0.6, as specified by AASHTO (2010) for roughness 
less than 6.35 mm (0.25 in.). These observations suggest that the AASHTO (2010) recommendations 
provide a conservative estimate for the UHPC-NC interface shear capacity and could be used for design 
purposes. A comparison between experimental test results from the slant shear testing and the calculated 
shear strength based on the current AASHTO (2010) guidelines and equation proposed by (Santos 2009) is 
shown in Fig. 4(b). It can be seen that the equation proposed by (Santos 2009) which takes the interface 
roughness into account, provided more accurate results than the AASHTO recommendations (2010). 
Phase-II: UHPC-NC Composite Deck Specimen Testing 
Following the investigation of the bond behavior using the slant shear tests on the composite test units in 
Phase-I, a total of five deck specimens were tested under combined flexural and shear loading. Four of 
these units were UHPC-NC composite deck specimens with an interface texture depth varying from 1.26 
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mm (0.05 in.) to 5 mm (0.196 in.) and the fifth unit represented a standard normal concrete overlay 
composite deck specimen. 
Test Specimen Details and Construction 
The test specimens representing a 0.61 m (2 ft) wide deck region between two adjacent girders were 
designed according to AASHTO (AASHTO 2010) and Iowa DOT design standards. The normal concrete 
portion of the specimens were 2.74 m (9 ft) long and 0.196 m (7.75 in.) thick and consisted of 2 layers of 
standard M19 (#6 bar) mild steel reinforcement at 0.25 m (10 in.) center-to-center spacing. The cross-
section and reinforcement details are presented in Fig. 5(a). The surface texture on the top of normal 
concrete deck panel specimens were created using same form liners used in Phase-I testing. The textures 
TR1 (texture depth: 5 mm), TR2 (texture depth: 3 mm), TR6 (texture depth: 1.26 mm) and a hand broom 
finish texture were chosen for testing. The broom finish texture was created by pushing a standard broom 
typically used in a precast plant over the concrete surface two hours after casting the concrete. The texture 
depth for the broom finished appeared to be more than TR5 texture and less than 3 mm (0.12 in.). All the 
specimens were constructed using a standard Iowa DOT bridge deck concrete mix with a specified 
compression strength of 27.5 MPa (4 ksi). The forms were removed 3 days after pouring and the specimens 
were left to air cure for 28 days.  After that, a 1.5 in.  Thick UHPC overlay was placed on each deck panel 
specimen. Prior to pouring the UHPC overlay, all specimens were simply supported over a 0.21 m (7 ft) 
span on wood supports. The normal concrete deck panels with textures were dampened to minimize the 
water loss from the UHPC mix due to absorption by the normal concrete deck panel. Commercially 
available standard Ductal® mix produced by Lafarge® North America was used as the UHPC overlay in 
this project. No additional heat treatment was provided to accelerate the strength gain of the UHPC in order 
for specimen preparation to mimic the typical field condition applicable for overlays. A plastic tarp was 
placed over all the specimens for 2 days and then the specimens were air cured for 28 days. All of the 
concrete cylinders were also air cured to mimic the specimen curing conditions. The measured compressive 
strengths of normal concrete at 28 days and UHPC at 14 days was found to be 31.4 MPa (4.55 ksi) and 107 
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MPa (15.5 ksi), respectively. One week after pouring UHPC, delamination of UHPC layer was observed in 
composite specimen with TR6 texture over a small length at the specimen end. The delamination length 
grew overtime and reached nearly 50% of the interface length at 28 days. The delamination was attributed 
to the high shrinkage of UHPC and shallow texture depth of the interface. No delamination was observed 
in any other specimens. This observation indicates that though the slant shear test may adequately 
characterize the interface behavior, but it does not capture the potential delamination associated with 
differential shrinkage occurring over a larger region. The delaminated specimen is not discussed further in 
this paper. 
A standard overlay deck specimen was also constructed using an Iowa DOT standard procedure for concrete 
overlays. The normal deck concrete specimen was constructed with the same concrete mix as the other four 
UHPC-NC composite specimens. The surface of this specimen was finished with a trowel. After allowing 
the specimen to cure for 60 days, a very stiff overlay mix with a low water-cement ratio as per the Iowa 
DOT overlay specifications was prepared in the laboratory. An experienced local bridge contractor placed 
the overlay to mimic the field placement of standard overlays. Prior to placing the standard overlay, a thin 
cement paste slurry was smeared on the normal deck concrete specimen to improve the bonding between 
the deck and the overlay concrete. Wet burlap was placed on the composite specimen for three days to 
minimize water evaporation and shrinkage for 3 days and the specimen was allowed to air cure after that. 
The measured concrete strength of the overlay mix at seven days was found to be 47.6 MPa (6.9 ksi). 
Test Setup and Loading 
A schematic of the setup used for testing of the UHPC-NC composite deck and standard overlay specimens 
is shown in Fig. 5(b). The 2.74 m (9 ft) long test specimens were simply supported on rollers with a 1.83 
m (6 ft) clear span.  This simply supported test configuration was chosen to maximize the flexure and shear 
demand on the deck panel and, in turn, maximize the interface stresses at the UHPC-normal concrete 
interface. The load was applied at the center of the specimen using a manually controlled hydraulic  jack 
and was measured using a 100 kip load cell.  A 0.25 m x 0.5 m (10 in. x 20 in.) built-up steel section with 
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rubber pads representing a standard truck wheel contact area was used to distribute the load to the deck 
panel. The load was applied gradually in increments of 11.1 kN (2.5 k), with visual observations recording 
specimen condition at each increment. The performance of the UHPC-NC composite sections with different 
interface textures and the standard overlay specimen was evaluated using two different load regimes under 
two different wheel load orientations. These modifications were done to introduce different flexural stresses 
at the interface in the midspan region with same maximum shear force in the specimen and to examine any 
potential strength degradation due to repeated loading. Different flexural stresses at the midspan are 
expected due to distribution of force over different lengths along the span in different load orientations. The 
load orientations indicated the direction of wheel load width (i.e., 0.5 m (20 in.)) with respect to the direction 
of the specimen longitudinal axis. As shown in Fig. 5(c), load orientations A and B represented the wheel 
loads, where the wheel width (0.5 m (20 in.)) was along the longitudinal (traffic direction) and transverse 
directions, respectively. All of the specimens were subjected to four load stages in different load 
orientations. The load stages indicated the extent of damage for a given load orientation. In Stage-1, the 
specimen were subjected to a load of 55.6 kN (12.5 k) in load orientation A, to initiate a flexural crack at 
the center of specimen. In Stage-2, loading and unloading of the specimens up to 95 kN (21.3 k) and 213.5 
kN (48 k) in load orientation B was done to represent the service wheel load with an amplification factor 
and an overload condition on a bridge deck. In Stage-3, the specimens were loaded up to 266.9 kN (60 k) 
using load orientation A to initiate shear cracking in the normal concrete. Finally, in Stage-4, the specimens 
were loaded to failure in load orientation B to estimate the capacity of the system. The details of the applied 
loading for different specimens in all four stages of loading are shown in Fig. 5(c).  
Several different types of instruments including linear variable differential transducers (LVDTs), string 
potentiometers, and 3D state-of-the-art Optotrak system were used to monitor the performance of the 
composite deck specimens during testing. A total of five string potentiometers as shown in Fig. 5(b) were 
used to measure the vertical displacements along the span of the deck specimens. The Optotrak system 
consisted of a state-of-the art 3D camera and LED targets, and 3D ordinates of the LED targets were 
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captured at a frequency of 10 Hz by the camera using the photogrammetry principles. Each specimen was 
instrumented with at least 54 LEDs to capture the vertical deformations and slip between UHPC layer and 
NC, and curvatures along the span and depth of the specimen. The LED targets were attached to the 
specimen using standard hot glue, as per the manufacturer recommendation. The LED targets were hot 
glued on a 2 in. grid as shown in Fig. 5(b) for different specimens. During the test, the data from all gauges 
and displacement devices were recorded using a computer-based data acquisition system at 1 Hz frequency. 
Experimental Observations, Results and Discussion of Phase-II 
All the test specimens were tested to failure using the test setup described in previous section. The test 
specimen age was more than 45 days at the day of testing. On all specimens, at the service-level loading of 
95 kN (21.3 k), a few hairline flexural cracks were observed in the normal concrete directly under the load. 
All four specimens ultimately failed with the initiation of shear failure in the normal concrete portion of the 
composite deck at a load in the range of 311 kN (70 k) to 342 kN (76.9 k), which is nearly 4.4 to 4.8 times 
the design wheel load of 71.12 kN (16 kips). The slip along the UHPC-NC interface was monitored using 
a state-of-the-art 3D Optotrak system with LED targets. No slip was observed at the interface until the 
initiation of shear failure in the specimens. The measured force vs. displacement responses of all four 
specimens are shown in Fig. 6 and the eventual damaged states at failure are shown in Fig. 7. The composite 
deck specimen with deep texture, TR1 (5 mm), produced only 7% higher load capacity compared to other 
UHPC-NC composite specimens and standard overlay specimen. This is because the failure in all cases was 
initiated due to formation of a large diagonal shear cracks within the normal concrete deck. Since the 
diagonal shear crack could not penetrate the UHPC overlay, the shear cracks eventually led to failure of the 
UHPC-NC interface. The larger the interface roughness, the greater the load required to fail the interface, 
which led to the 7% increase for the specimen with TR1 texture. The stiffness of all the specimens decreased 
with each load stage, consistent with amount of cracking. The stiffness of all the specimens were within 
10% of each other during Stage-2 loading. This observation supports that the interface texture didn’t affect 
stiffness of the composite element before shear cracking. The stiffness of the three UHPC-NC specimens 
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with broom finish, TR3 and TR1 mm textures in the Stage-4 loading was 32.64 kN/mm (186.4 k/in), 31.3 
kN/mm (178.7 k/in) and 25.7 kN/mm (149.4 k/in). This observation is consistent with the observation of 
more shear cracking in specimens with deeper texture.  From the Fig. 6, it is clear that all three interfaces 
would be adequate for composite action for typical bridge loading. However, it is worth noting that the 
broom finish specimen did not show any significant ductility compared to other two UHPC-NC composite 
deck specimens with deep textures. Once the shear capacity of the composite deck was reached, 
delamination of the UHPC overlay occurred rapidly, though this is a secondary failure. In the specimens 
with texture TR1 and TR3, due to a higher interface capacity resulting from a deeper interface texture, the 
delamination due to shear cracking in the normal concrete did not occur until there was a greater amount 
of deformation compared to the broom finish specimen. The deeper interface texture also caused wider 
shear cracks in the specimens as shown in Fig. 7 (b) and (c), leading to larger shear deformations, greater 
yielding of the reinforcement, and higher displacement capacity at failure. Unlike the UHPC-NC deck 
specimen, in standard overlay specimen, the shear crack penetrated through the overlay and caused a sudden 
failure, with load dropping by 75%. The UHPC-NC specimens were able to carry around 55% of maximum 
load, even after the shear failure due to the load redistribution to the UHPC overlay layer. The experimental 
curvatures at the center of the composite deck specimen were calculated using the LED deformations. The 
average strains at five different locations along the depth of composite beams were estimated for each load 
with a one-kip increment by dividing the deformation between a pair of adjacent LEDs in the horizontal 
direction with the corresponding initial length. A first order linear curve was fitted to strain variation along 
the depth and the slope of the best fit line provided the average curvature. The measured moment vs. 
curvature responses of all the UHPC-NC specimens are shown in Fig. 8. From the Fig.8 (b), it can be seen 
that the TR1 texture specimen was able to develop 70% higher curvature at same load when compared to 
broom finish texture, indicating the less ductility of the low roughness texture. Since none of the composite 
specimens experienced any slippage along the interface up to the initiation of inclined shear failure in 
normal concrete, the minimum interface shear stress capacity for different interfaces can be estimated using 
the methods based on the global force equilibrium conditions and the simplified beam elastic theory. Using 
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these theories, the horizontal shear stress along the interface at a section along the beam length can be 
calculated by dividing the vertical shear force at that section with the product of section width and effective 
depth at that section (ACI 318 2014). Accordingly, the minimum interface shear capacity of the standard 
overlay, hand broom texture, TR2-3 mm and TR1-5 mm interfaces were calculated to be 1.28 MPa (186 
psi), 1.34 MPa (195 psi), 1.31 MPa (190 psi) and 1.48 MPa (215 psi), respectively.  These values provide 
interface capacity with zero normal force across the interface and should be comparable to cohesion values 
obtained from the slant-shear tests in the Phase-I testing. Using the best fit equations shown in Fig. 4(a), 
the interface shear strength for the TR2-3 mm and TR1-5 mm textures with 31.4 MPa (4.55 ksi) normal 
concrete are calculated to be equal to 1.69 MPa (245 psi) and 2.68 MPa (390 psi) respectively. These values 
are higher than the shear strength values calculated from the composite slab testing. This may be attributed 
to the premature failure of the composite beam specimens by formation of inclined shear cracks due to 
inadequate one-way shear capacity of normal concrete. 
Analytical Modeling 
As there was no delamination observed at the interface between the UHPC and normal concrete until the 
initiation of inclined shear failure in normal concrete, the structural response of composite UHPC-NC units 
was calculated by extending the commonly used flexural beam model for reinforced concrete and 
incorporating the compression and tensile behavior of UHPC. The compressive stress-strain behavior of 
UHPC was established in numerous concrete compressive cylinder tests and was found to be linear up to 
80 to 90 percent of the peak stress. Also, the maximum measured compressive strains in UHPC layer of the 
composite specimen were below 2000 microstrains. Hence, the UHPC compression stress-strain behavior 
was modeled with a linear elastic curve, with modulus of elasticity of 51.7 GPa (7500 ksi). The tensile 
strength and post-cracking behavior of UHPC depends on the strength, length, quantity, and orientation of 
steel fibers, which effectively prevent or delay opening of concentrated cracks. The tensile stress-strain 
behavior for UHPC was taken from a set of direct tension tests conducted on large steam-cured dog-bone 
specimens (Sritharan et al. 2003). The tensile stress-strain behavior established from these dog-bone tests, 
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have been used successfully in characterizing the flexural response of a UHPC full-scale bridge girder, 
tapered H-shaped piles (Garder 2012), and waffle deck panels (Honarvar et al. 2016). However, for the 
UHPC–NC composite specimens tested in this study, the UHPC overlay is predominantly in compression, 
except at loads beyond 213.5 kN (48 kips). At this point, the UHPC near the interface was in tension. 
However, the corresponding tensile strains were below 200 microstrains. In this range, the tensile behavior 
of UHPC can be represented with a linear curve. The normal concrete behavior was accounted in the same 
manner as that is represented in reinforced concrete structures. Using the section equilibrium conditions, 
the moment capacity of the section was estimated by taking moment of all forces (compression in UHPC, 
normal concrete, tension in reinforcement) about the neutral axis. The comparison of the experimentally 
established moment-curvature responses with those calculated are compared in Fig. 9. The calculated 
moment-curvature responses are within 10% of the measured values for all the test specimens. The stiffness 
of all the specimens from testing were slightly lower compared to the value estimated by the analytical 
model. This is expected as the simplified analytical model did not account for any formation of the localized 
cracks. The maximum load capacity calculated using the analytical model is 308.3 kN (69.3 kips). This 
value is within 3% of the experimentally measured capacities for 3 mm (0.12 in.) and broom finish texture 
specimens and 10% of 5 mm (0.196 in.) texture specimen, respectively. This shows that the traditional 
reinforced concrete section calculations with linear stress-stain behavior for UHPC can be used to calculate 
the capacity of the UHPC-NC deck specimens. 
CONCLUSIONS 
An economical and durable solution for rehabilitation and replacement of deteriorating bridge decks is 
proposed using a composite UHPC-NC deck system. Two phases of experimental testing, focusing on the 
interface behavior under combined shear-compression and shear-flexure loading, were completed. The 
influence of design parameters such as interface texture, concrete strength and casting sequence on the 
composite action was evaluated. Based on the observations during specimen fabrication, experimental 
testing and analytical results, the following conclusions have been drawn: 
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1. In the slant shear tests, the bond strength at the interface was highly dependent on interface roughness. 
The results indicate that proper surface preparation with sufficient roughness yields greater bond 
strength in shear/compression than individual substrate material capacity. 
2. Based on the slant-shear test results, a minimum roughness of 1.6 mm (0.063 in.) was sufficient to 
develop adequate bond strength between UHPC and NC interface under combined shear and 
compression loading. The casting sequence did not have any significant influence on the bond strength 
at the interface. Regardless of concrete strength, the UHPC-NC bond capacity at 28 days surpassed the 
requirements of ACI 546.3R-06 (2006) for all textures with texture depths equal and more than 3 mm 
(0.12 in.).  
3. The equation proposed by Santos (2009) correlated well with the experimental values. The AASHTO 
(2010) equation for interface shear capacity were found to be conservative in estimating the interface 
shear strength. Hence, for design of interface shear, the use of the current AASHTO (2010) 
recommendations to estimate the interface shear capacity will be appropriate. 
4. Flexural testing of the composite UHPC-NC deck specimens with the broom finished and 3 mm and 
greater surface roughness yielded no interface failures. There was no interface slip occurred during 
testing until shear failure initiated in the normal concrete. Experimental results from the composite deck 
specimens demonstrated that the maximum shear stresses at the interface ranged from 1.31 to 1.48 MPa 
(190 to 215 psi) at the deck shear failure load. 
5. Based on the flexural tests on composite slabs, it is clear that UHPC can be used as a durable overlay 
in bridge decks to improve the service life of the bridge decks. Given that the investigation focused 
largely on short-term effects and that the interface less than 2 mm produced marginal performance and 
delamination, a 3 mm (0.12 in.) minimum roughness is recommended for the UHPC and NC interface 
when using UHPC as deck overlay material. Utilization of this recommendation has been successfully 
demonstrated on a bridge deck (Sritharan et al. 2018). 
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6. The flexural behavior of the UHPC-NC composite section can be accurately calculated using analytical 
models based on traditional beam bending theory with appropriately modeling UHPC and NC stress-
strain characteristics. 
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Table 1. Details of textures used for the slant shear specimen 
S.no Texture 
name 
Formliner 
brand 
Mean texture depth 
mm (in.) 
1 TR6 2/61 Thames 1.26 (0.05) 
2 TR5 2/102 Parana 1.59 (0.063) 
3 TR1 2/63 Wisla 5 (0.196) 
4 TR2 2/98 Vltava 3 (0.118) 
5 TR3 Fluted rib pattern 6.5 (0.256) 
 
 
Table 2. Measured normal concrete strength in slant shear specimens 
Specimen 
type 
Casting 
sequence 
Design 
Strength 
MPa (ksi) 
Measured strength 
28 day 
MPa (ksi) 
Test day 
MPa (ksi) 
NC5 Wet UHPC over cured NC 34 (5) 35.4 (5.13) 35.9 (5.20) 
NC7 Wet UHPC over cured NC 48 (7) 47.5 (6.89) 51.4 (7.46) 
NC10 Wet UHPC over cured NC 69 (10) 43.0 (6.23) 44.2 (6.40) 
HT-NC5 Wet NC on heat-treated UHPC 34 (5) 31.8 (4.62) 32.6 (4.73) 
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Table 3. Summary of slant shear test results 
Specimen 
name 
Avg. Interface 
inclination 
(degrees) 
Retrofit Failure type 
Avg. Interface 
shear capacity 
(MPa) 
NC5-TR6 51.9  S 14.45 
NC5-TR5 53.0  S 20.05 
NC5-TR2 53.1  C 18.73 
NC5-TR1 51.8  C 16.77 
NC5-TR3 53.9  S, C 16.03 
NC5-TR4 53.3  C 15.4 
NC10-TR6 52.9 Yes S 17.90 
NC10-TR5 50.1 Yes S 21.80 
NC10-TR2 53.1 Yes S, C 20.53 
NC10-TR1 52.5 Yes C 28.67 
NC10-TR3 53.1 Yes C 24.70 
NC7-TR6 53.5  S 21.87 
NC7-TR5 53.3  C 25.10 
NC7-TR2 53.8 Yes C 26.53 
NC7-TR1 53.7  C 24.53 
NC7-TR3 54.0  S, C 25.97 
HT-NC5-TR6 51.6 Yes S 14.63 
HT-NC5-TR5 51.6 Yes S 13.15 
HT-NC5-TR2 53.5 Yes S 17.57 
HT-NC5-TR1 53.3 Yes S 19.87 
HT-NC5-TR3 52.3 Yes S 20.87 
S = sliding failure, C = compression failure, Retrofit = Yes implies strengthening using FRP 
Note: NC10 specimens have lower compressive strength concrete than NC7 (see Table 2) 
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Fig. 2. Casting sequence of specimens for NC-UHPC interface slant shear tests 
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Fig. 3. Slant shear test setup and the samples of different failure modes. 
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Fig. 4. Normalized interface shear strength vs. normal stress for different textures and comparison with 
equations in literature 
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Fig. 5. Test setup and loading scheme used for bridge deck panel testing. 
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Fig. 6. Measured force-displacement response of composite test specimens. 
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Fig. 7. Cracking in the composite specimens at the ultimate failure load 
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Fig. 8. Measured moment-curvature response at mid-span for all deck specimens. 
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Fig. 9. Comparison of experimental and analytical moment curvature response. 
 
 
